Guided-wave-and impedance-based structural health monitoring (SHM) techniques have gained much attention due to their high sensitivity to small defects. One of the popular devices commonly used for guided wave and impedance measurements is a lead zirconate titanate (PZT) transducer. This study proposes a new wireless scheme where the power and data required for PZT excitation and sensing are transmitted via laser. First, a modulated laser beam is wirelessly transmitted to the photodiode connected to a PZT on a structure. Then, the photodiode converts the laser light into an electric signal, and it is applied to the PZT for excitation. The corresponding responses, impedance at the same PZT or guided waves at another PZT, are measured, re-converted into laser light, and wirelessly transmitted back to the other photodiode located in the data interrogator for signal processing. The feasibility of the proposed wireless guided wave and impedance measurement schemes has been examined through circuit analyses and experimentally investigated in a laboratory setup.
Introduction
The goal of structural health monitoring (SHM) is to continuously monitor the integrity and safety of a structure using data gathered from distributed sensors. Among various SHM techniques, guided-wave-and impedance-based active sensing techniques have gained popularity due to their sensitivity to local damage [1] [2] [3] [4] [5] [6] . Guided waves are obtained in a pitch-catch or pulse-echo mode, while impedance is measured as the ratio of the input voltage to the output current measured at a single point. Guided waves are often excited at narrowband driving frequencies to avoid signal complexities caused by the dispersive nature of guided waves, but impedance is swept over a broader range of frequencies. Recently, an integrated damage detection technique, that simultaneously utilizes guided wave and impedance signals, was proposed [7] .
One of the popular devices commonly used for guided wave and impedance measurements is a wafer-type lead zirconate titanate (PZT) transducer that can be easily surface-mounted on a host structure. (Hereafter, the term 'PZT' is used to denote 'PZT transducer'.) The PZT is particularly attractive for online SHM because of its small size, low cost, nonintrusive nature, and light weight. However, the PZT still requires electrical wiring for power and data transmission just like many other conventional sensors, and the wiring can be expensive and labor-intensive [8] . Conventional wires are also susceptible to electromagnetic interference, signal attenuation over a long sensing range, and corrosion and noise. 
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To circumvent these problems, there are ongoing efforts to integrate PZTs with wireless sensing modules [9] [10] [11] [12] . One of the major challenges in such wireless sensing is to secure the power necessary to operate the wireless modules. In particular, because active sensing using PZTs demands much higher power than conventional passive sensing using accelerometers or strain gauges [13] , the existing solid-state battery and energy harvesting technologies may not be suitable for the long-term operation of wireless active sensing devices [14] . Furthermore, because many electronic components need to be integrated into the wireless sensing module, it becomes more susceptible to malfunctions and the unit price increases.
Another approach for wireless guided wave measurement is laser ultrasonics [15] . For ultrasonic generation, electromagnetic radiation from a laser source is focused onto the surface of a structure, causing localized heating. The heated region undergoes thermal expansion, and ultrasonic waves are generated. However, laser excitation can cause ablation, and it is difficult to control the frequency and waveform of the excitation. Several studies have been performed on the creation of narrowband excitation [16] , but little work has been carried out on creating arbitrary waveforms. For ultrasonic sensing, the commonly used detectors are laser interferometers [17] or laser Doppler vibrometers [18] . These laser sensing devices are often bulky and expensive, have much lower sensitivity compared to PZTs, and typically measure only out-of-plane motions or velocities [15] . More importantly, these devices cannot be used for impedance measurements.
This study takes a rather different approach for remote PZT excitation and sensing. The proposed technique wirelessly transmits the power necessary for PZT excitation and remotely measures the responses from the PZT using a laser and optoelectronic devices. Unlike conventional laser ultrasonics, the proposed technique can also measure the impedance of a structure by introducing a self-sensing circuit [19] . Furthermore, the proposed technique can generate any arbitrary waveform without causing ablation on the target structure with a much longer transmission distance. Finally, because the PZT node is integrated with only passive electronic components, it can have a long lifespan when ruggedly packaged. This paper is organized as follows. First, the overall design of the proposed wireless system is described for guided wave and impedance measurements. Next, the performance of the wireless system is examined by electrical circuit analyses, and experimental tests are executed to investigate the feasibility of the proposed technique. Finally, the paper concludes with a summary and future work.
2. Designs of wireless guided wave and impedance measurement systems 2.1. Overall designs of wireless guided wave and impedance measurement systems Figure 1 shows an overall schematic of the proposed wireless guided wave and impedance measurement system composed of the data interrogator, and PZT excitation and sensing nodes. It takes advantage of optoelectronics for both guided wave generation and sensing. At the data interrogator, an arbitrary voltage signal such as a windowed sine signal or a broadband chirp signal is generated and converted into a laser using a laser diode, and the laser beam is wirelessly transmitted to a photodiode. Then, the photodiode in the PZT excitation node re-converts the laser into an electric signal and excites the PZT attached to a structure. The process of wireless data transmission in the PZT sensing node is similar to that of wireless power transmission in the data integrator. The guided waves generated by the PZT are transmitted through the structure, and measured by the sensing PZT. Then, the measured electric signal is converted into a laser light in the PZT sensing node and transmitted back to the other photodiode located in the data interrogator for signal processing.
The overall schematic of the wireless impedance measurement system is similar to the wireless guided wave measurement system. One major difference is that the PZT sensing node is combined with a self-sensing circuit [19] . The output current of the same PZT is measured and wirelessly transmitted back to the data interrogator. The impedance is then defined as the ratio of the excitation voltage to the output current. More details on wireless impedance measurement are reported in section 4. Note that the extra power necessary for conversion between an electric signal and a laser at the PZT excitation and sensing nodes is augmented by an additional high power laser. Figure 2 shows a procedure for converting an arbitrary voltage signal into a laser light. First, the voltage signal (V AWG ) in figure 2(a) is generated using an arbitrary waveform generator (AWG). Then, V AWG is converted to a current signal (I LD ) using a metal-oxide-semiconductor field-effect transistor (MOSFET) [20] as a modulated current source driver, and I LD is applied to a laser diode, modulating the laser intensity (P O ). Figure 2 (b) depicts the equivalent circuit model of the MOSFET where I LD flows along a conducting channel that connects the 'source' terminal to the 'drain' terminal. The conductivity is controlled by V AWG , which is applied between the 'gate' and the 'source' terminals. Here, I LD is modulated by V AWG , but the exact relationship between I LD and V AWG depends on specific characteristics of the MOSFET used. More details on the characteristics and performance of the MOSFET used are described in section 2.4. Finally, a laser beam is generated from I LD using a laser diode. In reality, there is a nonlinear relationship between V AWG and P O emitted from the laser diode due to the nonlinear characteristics of the MOSFET and the laser diode [21] . However, a localized linear relationship is achieved by limiting the perturbation of V AWG within a small range above a specific threshold as shown in figure 2(c). Furthermore, a DC offset voltage is applied to V AWG since P O can have only positive values.
Conversion between voltage and laser radiation
A modulated laser light can be converted into an electric signal using a photodiode. The photodiode generates the current flow (I PD ) in response to the laser intensity. The greater the laser intensity is, the higher and larger the photogeneration rate and I PD become. Here, I PD is linearly proportional to the incident laser intensity, P I [22] :
where k is a device-dependent constant. The output voltage, V PD , produced by the photodiode is given as [22] V PD = nk B T e ln
where I r is the reverse saturation current, e is the electron charge (−1.60
, T is the absolute temperature of the photodiode, and n is the ideality factor that depends on the semiconductor material and fabrication characteristics (n = 1-2), respectively. It is observed that the V PD value is around 400 mV as I PD increases. Because this V PD level is not high enough for guided wave generation, V PD is amplified before being applied to the excitation PZT. Because the intrinsic relationship between P I and V PD is nonlinear, the perturbation of P I is confined to a small range similarly to the previous voltage to laser conversion.
Design of a PZT excitation node
Figure 4(a) shows the equivalent circuit models of the PZT excitation node. A PZT excitation node is composed of a photodiode, a differential amplifier and a potentiometer. First, the wirelessly transmitted P I is converted into V PD , which is amplified using a differential amplifier to properly excite a PZT. The differential amplifier is used not only to amplify V PD but also to remove an unnecessary DC component, yielding V PZT = aV PD − bV OFF . Here, V PZT is the PZT excitation voltage, a and b are gain factors, and V OFF is the offset voltage created by the potentiometer, which forms an adjustable voltage divider and acts as a variable resistor. Note that since the range of V PZT should be controlled to have only positive values (0-5 V in this study), the DC component should be retained.
The photodiode is modeled as a parallel combination of the photocurrent source, I PD , the diode, and the resistance, R PD , respectively [22] . The photodiode parameters, I o , k B , n, R PD and T, are set to 40 µA, 8.61 µeV K −1 , 1.48, 1 M and 300 K, respectively, based on the data sheet of the photodiode (FDG1010, Thorlab Inc.) used in the experiments. The PZT is modeled as an RC circuit that has a predominantly capacitive behavior [23] , and the C PZT and R PZT values of the PZT are measured using a conventional digital multimeter (C PZT = 4.7 nF and R PZT = 450 ). Finally, V PZT can be calculated as
By controlling the parameters in the PZT excitation node properly, an acceptable V PZT level sufficient to excite the PZT (more than 1 V at least) can be obtained. Note that voltage buffers are used to transfer V PD and V OFF with high output impedances to the differential amplifier with low input impedance [24] .
Then, electrical circuit analysis is conducted using PSPICE circuit analysis software [25] to verify the performance of the PZT excitation node. For the circuit analysis, P I is assumed to have a Gaussian windowed burst waveform with mean (P AVE ), amplitude (P PP ) and driving frequency (f ) values of 24 mW, ±3.8 mW, and 130 kHz, respectively:
Equation (4) shows the mathematical formulation of the Gaussian windowed burst waveform (centered at t = 0). In the circuit analysis and the experiment, this signal was used as an input source for PZT excitation. When the 24 ± 3.8 mW of P I is emitted to a photodiode, 214 ± 8 mV of V PD is generated. V OFF is adjusted to be 410 mV by setting R D1 , R D2 , R D3 and R D4 to 1, 1, 1 and 130 k , respectively, yielding
The parameter values are set identical to the ones used in the later experiments. Figure 5 compares P I and V PZT . An external voltage of +5 V is applied to the amplifier in the PZT excitation node, and this also limits the peak amplitude of V PZT to 5 V, which is enough to excite a typical PZT transducer used for guided wave generation. 0.65 µs time delay of V PZT with respect to P I is observed. This delay is speculated to be mainly attributed to the photodiode characteristics because the generation of photocurrent requires travel of electrons and holes for a certain distance in opposite directions [22] . It is not affected by the variations of driving frequencies and PZT characteristics. In addition, there is a phase distortion between P I and V PD due to their nonlinear relation as shown in figure 3 . Therefore, the perturbation of P I is limited to ±3.8 mW to achieve a localized linear relationship between P I and V PZT . These characteristics are also experimentally explored in section 3.2.
Design of a PZT sensing node
The guided waves are measured at the PZT, and the sensed data need to be wirelessly transmitted back to the data interrogator via laser radiation. To achieve this, the PZT sensing node is designed to modulate the output laser intensity (P O ) in accordance with the measured guided waves (V GW ) and transmit the laser beam to the data interrogator. Figure 4(b) shows the equivalent circuit model of the PZT sensing node. The voltage response measured from the PZT, V GW , is amplified to V GATE , converted into I LD using the MOSFET, and then to a laser using the laser diode. From circuit analysis, V GATE is calculated to be
In contrast to the PZT excitation node, V OFF is added to V GW because I LD can have only positive values to modulate the laser intensity, as shown in figure 2 . By controlling the characteristics of the MOSFET and the laser diode, the gain of the PZT sensing node is adjusted to produce an acceptable current level. Note that the voltage buffer is again utilized for impedance matching.
The actual voltage response, which has an amplitude of ±40 mV at 130 kHz, is measured in the later experiments and used as V GW for the electrical circuit analysis. The target current level is tuned to be compatible with the laser diode used (ML925M45F 10 mW laser diode, Mitsubishi Inc.), which has threshold/minimum, typical and maximum operation current values of 10, 30 (3 mW laser output) and 50 mA (7 mW laser output), respectively. Figure 6 shows the characteristics of the MOSFET used in this study (MMFT960T1, Motorola Inc.). For circuit analysis, the 
Here, the range of V GATE is set to 2.4 ± 0.2 V. V OFF is adjusted to be 1.23 V by setting R S1 , R S2 , R S3 and R S4 in the summing amplifier to 7.2, 2.8, 10, and 60 k , respectively, yielding V GATE (V) = 5.04V GW (V) + 2.41.
In figure 7 , a good agreement between V GW and P O is observed. There is negligible phase distortion and time delay of P O with respect to V GW owing to the first order linear approximation between V GATE and I LD in equation (6) . Furthermore, the amplitude of P O falls within the maximum output range (7 mW) of the laser diode. In reality, the nonlinear characteristics of the MOSFET and the laser diode can magnify the difference between V GW and P O , and this issue is discussed in the later experiments.
For impedance measurement of a structure, a self-sensing circuit is combined with the PZT sensing node, as shown in figure 4 . The coupled impedance of the PZT-structure system is obtained by measuring the ratio of the excitation voltage (V PZT ) to the output current (I OUT ) over a specified frequency range. Here, the self-sensing circuit in figure 8 is used to allow the measurement of I OUT from the PZT [19] . When a chirp input laser beam (P I ) is transmitted to a photodiode, V PZT is generated and applied to the PZT, and I OUT is obtained by measuring the output voltage (V OUT ) across the reference capacitor (C R ). Finally, the electrical impedance of the PZT (Z(ω)) can be computed at the ratio of the voltage across the PZT (V PZT −V OUT ) to the output current (I OUT = V OUT jωC R ) at any given driving frequency:
Note that the impedance in the proposed wireless system is computed at the data interrogator using the original excitation (V AWG ) and the wirelessly transmitted response signal (P O ) instead of V PZT and V OUT , respectively.
Wireless power transmission
The transistors and amplifiers in the PZT excitation and sensing nodes require a certain level of power for their operation. This necessary power is wirelessly transmitted using an additional 5 W high power laser. The high power of the laser is converted to electrical power through a photovoltaic panel instead of a photodiode. The main design concern of the photodiode is to achieve a faster response time by minimizing the capacitance value of the pn junction. By maintaining the diode size small, a small capacitance value of the photodiode can be achieved and the responsiveness of the photodiode to a laser light can be improved at the price of limited power generation. On the other hand, the photovoltaic panel is mainly designed to maximize the power harnessed from light, and the amount of collected power is directly proportional to the panel size. The 110 mm × 80 mm photovoltaic panel used in the later experiments produces a voltage of up to +1.2 V, and a DC-to-DC converter is utilized to step up this voltage to the voltage level (+5 V) required to operate the transistors and amplifiers.
The wireless guided wave measurement experiment

Experimental setup
To examine the proposed optical technique for wireless guided measurement, experimental tests were conducted. Figure 9 shows the overall test configuration including a specimen, a data interrogator, PZT excitation and sensing nodes, and PZT transducers. The composite channel specimen was 71.8 cm long, 13 cm wide and 7 mm thick, and the length of the flange on each side was 3.7 cm. The specimen was made of multi-layered composites, but its material properties were not provided to the authors. Two disk type excitation and sensing PZTs were mounted on the composite channel surface 0.6 m apart from each other. The radius and thickness of each disk PZT were 9 mm and 0.508 mm, respectively. The excitation and sensing PZTs were connected to the PZT excitation and sensing nodes. Finally, the wireless power and data transmission distance was 75 cm.
The measurement system was mainly composed of three components as shown in figure 10 : (a) the data interrogator, which consists of a 1310 nm laser diode (LPSC-1310-FC 80 mW laser diode, Thorlabs Inc.) for PZT excitation, a photodiode (PDA10CS-EC, Thorlabs Inc.) for response measurement, and an 880 nm 5 W high power laser (BWA0880-05-01, Oclaro, Inc.) for wireless power transmission; (b) the PZT excitation node that includes a photodiode (FDG1010, Thorlab Inc.), a printed circuit, an excitation PZT for guide wave generation, and a photovoltaic panel (SSM6075-1.5, Solarcenter Inc.) for wireless power transmission; and (c) the PZT sensing node that includes a sensing PZT for guided wave sensing, a printed circuit and a laser diode (ML925M45F 10 mW laser diode, Mitsubishi Inc.) for wireless data transmission.
Wireless guided wave excitation
For wireless PZT excitation, a 5.5 cycle Gaussian windowed burst signal with a driving frequency of 130 kHz was created by an AWG, and converted to I LD using the MOSFET at the data interrogator in figure 10(a) . Here, the excitation frequency was selected to generate only fundamental symmetric (S 0 ) and anti-symmetric (A 0 ) modes for simplicity of subsequent signal processing [26] . The MOSFET was identical to the one used in the previous circuit analysis as shown in figure 6 . V AWG in the range of 3.2 ± 0.14 V produced I LD and P O in the ranges of 92 ± 15 mA and 24 ± 3.8 mW, respectively. Note that the laser diode (LPSC-1310-FC 80 mW laser diode, Thorlabs Inc.) used for PZT excitation at the data interrogator was different from the one (ML925M45F 10 mW laser diode, Mitsubishi Inc.) used in the PZT sensing node described in section 2.4. Thus, V AWG and I LD were selected in accordance with the operation range of this 80 mW laser diode. P O from the interrogator was aimed at the photodiode in the PZT excitation node in figure 10(b) , Figure 11 . Comparison of the toneburst signal generated by the laser (V PZT ) with the input voltage signal (V AWG ).
producing V PD in the range of 214 ± 8 mV. Then, V PD was amplified to V PZT (up to +5 V) and excited the PZT.
In figure 11 , V AWG and V PZT are compared to examine whether the voltage applied to the PZT, V PZT , properly matches with the desired input waveform, V AWG . The MOSFET, laser diode and photodiode contributed to the 2.35 µs time delay of V PZT with respect to V AWG , but the time delay is mainly attributed to the diode characteristics. As for the waveforms of V AWG and V PZT , a good agreement is achieved although there is a small discrepancy between the two signals. The primary source of the discrepancy is the inherent nonlinearity in the photodiode and the MOSFET, as discussed in figures 3 and 6.
Wireless guided wave sensing
Through the PZT sensing node in figure 10(c), V GW in the range of ±40 mV was converted into P O in 5.2 ± 2.1 mW and transmitted to the data interrogator. The voltage and current levels at V GATE and I LD were close to those in the previous circuit analysis in section 2.4. Finally, P O was focused on the photodiode in the data interrogator as shown in figure 10(a) , and collected using a conventional oscilloscope (WaveRunner44Xi, LeCroy Inc.). Because there was no power limit in the data interrogator, a high-sensitivity photodiode (PDA 10CS, Thorlabs Inc.) operated by a regular 220 V AC power supply was used for high signal amplification and reliable data acquisition.
In figure 12 , the guided waves wirelessly measured by the proposed laser-based system are compared with those obtained by a conventional wired system. In the conventional wired system, an AWG was directly connected to the excitation PZT, and the sensing PZT was wired to an oscilloscope. The two signals in figure 12 are normalized and time shifted for a better comparison. (A time delay of 3.9 µs between two guide wave signals is observed.) This comparison with the conventional wired system confirms that the laser-based system can properly generate and sense guided waves in the test article.
Wireless power transmission
The power requirement of the proposed measurement system is quantitatively evaluated by measuring the input voltage and consumed current using a power meter. In the proposed measurement system, a total of 325.6 mW was required for the operation of the potentiometers, the operational amplifiers in the voltage buffers and the differential/summing amplifiers, and the MOSFETs in the PZT excitation and sensing nodes. Mostly it is due to the DC component, and the amount of AC component is relatively small by comparison with the DC component. About 84% of the total power, 272.4 mW, was consumed by the PZT sensing node, and the rest (16%, 53.2 mW) was used by the PZT excitation node. The laser diode in the PZT sensing node alone consumed about 61% (200 mW) of the total power. The power needed was provided by firing 5 W 880 nm high power laser radiation to the photovoltaic panel connected to the PZT excitation and sensing nodes. Note that the actual power generated by the 5 W 880 nm high power laser was 4.2 W, resulting in a wireless power transmission efficiency of 7.74% (=0.326 W/4.2 W) on average. Also, almost the same amount of power was consumed by the PZT impedance node discussed next. A further study is underway to reduce the power consumption at the PZT excitation and sensing nodes.
The wireless impedance measurement experiment
Experimental setup
The feasibility of the proposed wireless impedance measurement system has been experimentally investigated in a laboratory setup. As shown in figure 1 , the system is composed of three major components, a data interrogator, a PZT excitation node and a PZT sensing node with a self-sensing circuit. The overall configuration of the data interrogator is identical to the one used for the wireless guided wave measurement as shown in figure 10(a) . The only difference is that an NI PXI system, which integrates a 12 bit AWG, a 16 bit high-speed signal digitizer (DIG), and a LABVIEW R control program, is used instead of two separate conventional AWGs and oscilloscopes to allow direct measurement and computation of impedance.
As shown in figure 4 , the input laser beam modulated by a chirp sinusoidal waveform was aimed at the photodiode, and converted to V PZT through the PZT excitation component. Then, V OUT across C R (10 nF) was re-converted into output laser light by the laser diode, and the response data were collected at the data interrogator. Finally, the impedance was computed by (7) using the original excitation (V AWG ) and the wirelessly transmitted response signal (P O ) instead of V PZT and V OUT , respectively. A 5 W high power laser and a photovoltaic panel were also employed to provide the necessary power for the impedance measurement.
The experimental tests were conducted on an aluminum plate. The dimensions of the plate were 800 mm × 150 mm × 6 mm, and one rectangular ceramic PZT transducer with dimensions of 10 mm × 10 mm × 0.2 mm was mounted on the plate as shown in figure 13 . The other components such as a photodiode, a photovoltaic panel, a laser diode and printed circuits were identical to those used in the previous guided wave measurement. The wireless power and data transmission distance was varied from 0.75 to 10 m. 
Wireless PZT excitation
To measure the impedance of a structure, a 3.2 ± 0.14 V chirp signal ranging from 10 to 150 kHz was generated using the AWG. Similarly to the guided measurement, a modulated laser of 24 ± 3.8 mW was generated using a laser diode. Then, the laser beam is focused on the photodiode, and the PZT was excited in the range of 0.4-4.8 V. In figure 14 , V PZT is compared with V AWG , which is a chirp signal in the range of 30-40 kHz. The trend is similar to the one reported in figure 11 . V PZT is delayed by 2.20 µs with respect to V AWG , and their waveforms show a good agreement with a small phase distortion.
Wireless impedance measurement
Finally, the output response of the PZT (V OUT ) was converted into a laser light, and collected by the DIG in the NI PXI system. Then, the impedance was computed using (7) in the frequency range of 10-150 kHz. In figure 15 , the impedance signals measured by the proposed wireless and conventional wireless systems are compared in the frequency range of 30-40 kHz. The dotted line denotes the impedance obtained by a conventional wired system where the AWG is directly applied to the PZT, and V OUT is measured by the DIG. Thus, the impedance is calculated using V PZT and V OUT . On the other hand, the solid line is the impedance measured by the proposed wireless system using V AWG and P O . The two signals in figure 15 are normalized so that their peak values are equal to one. The comparison shows a very good agreement. Note that only the result from 30 to 40 kHz is presented here because of the limited space. However, similar results were obtained for the entire frequency band of 10-150 kHz. In addition, the impedance signal was successfully obtained with a wireless transmission distance of up to 10 m, which was limited by the available laboratory space, and the power transmission efficiency was not affected by the transmission distance. Using the collimator, the divergence of the laser was minimized and the spot sizes (diameters) of the laser beams focused on the photodiode and the photovoltaic panel were controlled to be about 3 mm and 60 mm, respectively, for all transmission distances investigated here.
Conclusions
In this study, new wireless guided wave and impedance measurement systems have been proposed so that the power and data needed for PZT excitation and sensing can be transmitted via a laser. First, an arbitrarily modulated laser is wirelessly transmitted to the photodiode connected to the excitation PZT on a structure. The photodiode converts the laser into an electric signal and excites the PZT. The corresponding responses, either PZT-structure coupled impedance at the same PZT or pitch-catch guided waves at another PZT, are re-converted into a laser using a laser diode and wirelessly transmitted back to the data interrogator. The feasibility of the proposed power and data transmission schemes has been investigated by electrical circuit analyses and laboratory experiments. The proposed systems were able to successfully measure both guided wave and impedance signals, and the measured signals showed good agreement with those obtained by conventional wired systems. The wireless guided wave and impedance measurement nodes consumed about 325 mW, and this required power was The proof-of-concept wireless units were built simply using off-the-shelf components. Here, the system showed reasonable performance for operational frequency (up to 250 kHz) and interrogation distance (up to 10 m). Actually the performance depends on the specific characteristics of the components. For example, the voltage level for PZT excitation can be limited by the voltages supplied to the op-amps in the PZT excitation and sensing nodes. Note that, since the proposed system is in an early design stage, it is premature to estimate the cost of the system. A further study is underway to provide general design guidelines and optimize the system design.
Finally, it is envisioned that the proposed technique could be used to measure guided wave and impedance signals from remote structures and/or hidden locations by exposing only the photodiode and the photovoltaic panel to an external surface and connecting them to the PZT nodes embedded inside a structure [27] . However, the greatest challenge for field deployment will be precise aiming of the laser beam on the target photodiode and the photovoltaic panel. Also, the issues of sensitivities to environmental conditions such as temperature or humidity should be investigated. Further research is warranted to address this issue, and ongoing efforts are underway. One final concern is laser safety. In this study, a 5 W laser was used for wireless power transmission, and it is classified as a 'Class 4' laser based on standards such as BS4803 [28] in Europe or ANSI Z136 [29] in US. Therefore, direct beam viewing could be hazardous, and extra caution is necessary for eye safety.
